INTRODUCTION
dependent urbanites; the landmark civil rights suit brought by the Bus Riders Union in Los Angeles provides a prime example (19) . Given these circumstances, knowing the scope and size of job accessibility benefits associated with specific types of transit investments (e.g., light rail) for low-income residents will help policy makers make more informed investment decisions towards an equitable transportation system. This study aligns with the research needs for quantifying job accessibility impacts of transit improvements among low income resident. We focus on a recent light rail implementation in the Twin Cities-the Hiawatha light rail line and examines how such an implementation have shaped job accessibility in the region. More specifically, we attempt to answer the following two questions: Does the light rail implementation make job opportunities more accessible to lowincome individuals, contributing to improvments in transportation equity? How do the benefits for low-income individuals compare to those of high-income people?
The next section describes the study area and population. This is followed by an meaning comparison and map analysis of before-and after-LRT job accessibility. Regression analysis follows, estimating accessibility at the census block level to low-wage, high-wage and all jobs as a function of proximity to LRT stations and other transit stops, as well as socioeconomic characteristics of blocks. The paper concludes with policy implications of the study findings.
STUDY AREA AND POPULATION
This paper centers on the Hiawatha light rail line, which connects downtown Minneapolis with numerous South Minneapolis residential neighborhoods, the Minneapolis-Saint Paul International Airport and the Mall of America in suburban Bloomington. The line attracts about 30,000 average weekday boardings, making it the most heavily used transit route in the Twin Cities metro area (20) . Figure 1 shows the location of the light rail line relative to regional landmarks, as well as the bus routes in Metro Transit's Hi-Frequency network (shown as bold yellow lines), which offers quarter-hourly (minimum) rail/bus service from 6:00am to 7:00pm weekdays and 9:00am to 6:00pm Saturdays, and the rest of the transit system.
Given the research's transportation equity perspective, an important study population are low-wage workers (also can be referred as "working poor") who maintain regular employment but remain in relative poverty. Quantitatively defining this population has proven to be a more difficult task. The national Working Poor Families Project (WPFP) simply defines working poor as low-income individuals and families that struggle to meet basic needs (21) . WPFP uses incomes less than 200 percent of the Federal poverty threshold as a benchmark for low-income. In 2006, the poverty threshold for a family of three with one child under 18 was $16,227, meaning that families earning less than $32,454 would be considered low-income (22, 23) . Based on this WPFP definition, there were approximately 9.6 million low-income working families in the United States in 2004, of which 2.5 million were considered to be in poverty based on official Federal government definitions (22) .
Some define the working poor as families with a working head of household who earn less than the Federal poverty threshold for their household size/composition (23) . Others, however, point out that the official poverty line does not consider taxes, in-kind transfer payments such as food stamps, working expenses including child care and transportation, disparities with average standards of living or income inequalities among the poor. The appropriate "poverty line" is the subject of considerable debate (24) .
FIGURE 1 Twin Cities Transit System in 2009.
Existing definitions mentioned above (despite being inconsistent) have assisted various non-profit organizations and public agencies in identifying the work poor population and their specific needs. However, key challenges remain when it comes to practial applications of these these definitions.The US Census Bureau only provides a limited amount of information on income and earning such as median household income at the census block group level and the percentage of families/children under the federal poverty line within the census block group, which cannot be easily translated into information on the number of working poor in the area. In this research, we employ the Census Bureau's Longitudinal Employer and Housing Dynamics (LEHD) dataset. The nature of the dataset poses limitations on how we define our study population. This annually collected dataset counts individual incomes and wages in each of three categories (<$1,200/month, $1,200-$3,400/month and >$3,400/month) at block level (25) . For the purposes of this research, jobs in the lowest category-equivalent to <$14,400 per year and accounting for roughly 25% of the jobs in the Twin Cities' transit service area-are considered low-wage jobs, and used as indicators of the entry-level jobs the working poor are more likely to be qualified for. Jobs in the highest wage category are equivalent to >$40,800 per year and 42% of transit-served jobs. Figure 2 locates low-wage jobs and low-wage workers before and after LRT implementation (which included other transit network changes) relative to the light-rail line and the connecting bus routes that offer LRT connections within 30 minutes. These maps make it clear that spatial mismatch exists in the Twin Cities. Though some areas that are home to many low-wage workers also offer large numbers of low-wage jobs, most have one and not the other, or neither. This pattern puts special emphasis on effective transit as means of promoting social equity in the region.
ACCESSIBILITY ANALYSIS
This research applies a cumulative opportunity approach to calculate job accessibility. This method counts how many jobs can be reached within a predetermined travel time. This study uses 30 minutes as the threshold, since a 15-or 20-minute cutoff would mean the majority of the cutoff time being spent waiting for a bus to arrive, and since long cutoff times would likely seriously skew results given our ≤1 transfer assumption and that longer transit trips often require multiple transfers. As transit service levels change throughout the day, the analysis employs weighted average accessibility figures including the early-morning off-peak, morning peak, midday off-peak, evening peak and late-evening off-peak periods of the service day. Weights stem from percentages of transit rides from peak and off-peak periods, reported in a 2006 on-board survey of riders conducted by Metro Transit (27) . Separate averages were produced for lowwage, high-wage and all jobs; each category received weights based on the travel behavior of riders in that income group-54.88% peak, 45.12% off-peak for low-income riders; 80.05% peak, 19.95% off-peak for high-income riders; 69.74% peak, 30.26% off-peak for all riders. To show changes in job accessibility by transit before and after LRT, we describe the pre-Hiawatha condition using the 2000 transit network and 2002 employment, and the post-Hiawatha condition using the 2005 transit network and 2006 employment. Figure 3 shows pre-and post-LRT accessibility to low-wage jobs via transit, along with changes in accessibility between observations. It is immediately apparent that major low-wage employment accessibility gains occurred both along the Hiawatha LRT corridor and other hifrequency bus corridors, particularly University Avenue (which will be the alignment of the planned Central Corridor LRT scheduled to open in 2014);
Map Analysis
While most of downtown Minneapolis gains accessibility, the large gains along routes connecting with LRT outside downtown are particularly striking. Many of these gains occur along cross-town and suburban local bus routes, with the effect of broadening accessibility gains beyond the LRT corridor. Other large gains occur along outer portions of local routes continuing downtown after their connections; these trips are often better served by a rail transfer than a oneseat bus ride. Areas not adjacent to the LRT stations, bus stops with bus-LRT connections, or along Hi-Frequency bus routes mostly show either no change or a slight decline in accessibility to low-wage jobs. 
Statistical Analysis
In all of the accessibility models, the dependent variable describes census-block-level 30-minute cumulative accessibility by transit (with a maximum of one route-transfer) to low-wage, highwage, or all jobs. Changes in low-wage job accessibility are the main focus. The high-wage and all jobs categories are included for comparison. Only blocks served by transit (defined by a 0.25-mile [400m] maximum walking distance) were considered. Independent variables can be broken into two groups: those describing locations of blocks, and those describing socio-demographic characteristics within blocks. These two groups serve different functions. In the case of the spatial variables, it is easy to form reasonable hypotheses about their relationships to transit job accessibility-one expects accessibility to increase as distance to downtown Minneapolis decreases, for example: these variables are primarily included to test expected relationships.
In terms of the demographic variables, however, it is harder to make even educated guesses about what relationships with transit job accessibility to expect, as many are unlikely to be causal. This second group of variables, in other words, is included to shed light on general trends about which relatively little is known, but which may impact how well populations with great needs for quality transit are served.
The location-based independent variables included in this research are as follows:
• Distance to nearest stop-Distance in miles to nearest transit stop, regardless of type.
(measured from block centroids.) • Downtown-Dummy variable identifying blocks to which the nearest transit stop is an LRT station in downtown Minneapolis. The maps show large localized accessibility gains around LRT stations-in which case we expect positive coefficients.
• North-Dummy variable identifying blocks to which the nearest transit stop is the Cedar-Riverside, Franklin Avenue or Lake Street-Midtown LRT station. Positive coefficients expected.
• South-Dummy variable identifying blocks to which the nearest transit stop is the 38 th Street, 46 th Street, 50 th Street-Minnehaha Park or VA Medical Center LRT station. Positive coefficients expected.
• Suburb-Dummy variable identifying blocks to which the nearest transit stop is an LRT station in the suburbs. Positive coefficients expected.
• Connection-Dummy variable identifying blocks to which the nearest transit stop is a bus stop offering a direct connection (<30 min.) to LRT. Positive coefficients expected.
• Hi-Frequency-Dummy variable identifying blocks to which the nearest transit stop is a bus stop served by a Hi-Frequency bus route with no LRT connection. Positive coefficients expected. (Regular bus service is omitted as the reference category. Regression incidence rate ratios show percentage differences from blocks with only regular bus service.)
This research breaks the LRT station areas into four groups: downtown, north, south, and suburb. The classification is not only based upon differences in urban forms and built environments (i.e., downtown versus suburb), but also upon differences in socioeconomic characteristics across station area. There is a significant divide between the Cedar-Riverside, Franklin Avenue and Lake Street-Midtown station areas (i.e., the north category) and the 38 th Street, 46 th Street, 50 th Street-Minnehaha Park and VA Medical Center station areas (i.e, the south category). The north neighborhood station areas are surrounded by dense, urban neighborhoods including significant amounts of public housing and numbers of low-income residents. The south neighborhoods, however, though still in Minneapolis, take on a more suburban feel, and are dominated by single-family housing and more middle-class residents. The demographic-based independent variables included in this research are as follows:
• African American-Percentage of block residents who are African-American.
• Latino-Percentage of block residents who are Latino.
• Asian-Percentage of block residents who are Asian.
• Single Parent-Percentage of families in a block headed by a single parent with children present.
• College Degree-Percentage of block-group residents over the age of 25 with a bachelor's or higher degree.
• Owner Occupied-Percentage of occupied housing units in a block-group which are owner-occupied.
• Zero Vehicle HH-The percentage of households in the block-group with no automobile.
• Median HH Income-Median household income, in thousands of dollars, of the block-group. Table 1 shows descriptive statistics for the variables: All three dependent variables' mean values (jobs by category within 30 minutes by transit) increase substantially after the implementation of LRT and reconfiguration of the bus network, showing an overall gain in regional employment accessibility. Though the three wage groups increase by different amounts, bear in mind they have different starting points and that the low-and high-wage categories are not thirds of the metropolitan job market-high wage jobs in general greatly outnumber low-wage jobs. Standard deviations for the accessibility variables are invariably greater than means, showing considerable variation in transit-based employment accessibility based on one's home location within the transit service area. Figure 4 shows percent change in accessibility before and after the LRT implementation, by types of closest transit service: LRT, rail-connecting bus, regular bus and the overall system. Once again, strong accessibility gains appear for all wage levels. For all three wage groups, LRT station areas experience the greatest relative gains by far, followed by connecting bus routes and the system as a whole, with regular bus routes showing relatively minor accessibility gains. When compared by wage categories, high-wage jobs experience larger gains than low-wage jobs.
Descriptive Statistics

FIGURE 4 Percent Changes in Low-, High-, and All-Wage Job Accessibility by service type.
Among the independent variables (which are constant across all models), while mean values for LRT station-area dummies are very small, in sum accounting for only 1.1% of the transit service area, the mean for Connection shows that 38.5% of the transit service area is most closely served by a bus stop offering a direct LRT connection.
Regression Analysis
The regression analysis employs a negative binomial model. Negative binomial regression is better suited to count outcomes than ordinary least squares regression, particularly when zero values are involved. In addition, negative binomial models are better suited than linear models to the positively-skewed distribution of dependent variables present in this study. However, as negative binomial regression is a non-linear function, interpreting its coefficients is considerably more complex than interpreting OLS regression coefficients. Therefore, results provide an Incidence Rate Ratio (IRR) for each variable, as well as a coefficient. The IRR represents the percentage change in the dependent variable associated with one unit of change in the independent variable as follows: (IRR*100%)-100%=% change in dependent variable. Put simply, an IRR of 1.1 predicts a 10% increase in the dependent variable for each unit increase in the independent variable, while an IRR of 0.9 predicts a 10% decrease in the dependent variable for each unit increase in the independent variable. In interpreting the regression results, our primary interest is not in the raw coefficients or IRR's themselves, but in the difference between the pre-Hiawatha and post-Hiawatha models-including the effects of the constant terms. Separate models were estimated for each wage category before and after LRT. Table 2 shows the results of the six regression models. Of the LRT station area dummys, only Downtown achieves statistical significance before LRT for all wage levels and produce strongly positive coefficients, meaning that before the LRT implementation, out of all the LRT stational areas, only downtown station areas have higher accessibility to all job categories than areas served by regular bus service. In contrast, all LRT station area dummys are significant in the post-LRT models, suggesting that after the LRT implementation all areas adjectent to the LRT stations have higher accessiblity to low-and high-wage jobs than areas served by regular bus service. This indicates significant before-after improvement in transit-based job accessibility in LRT station areas, especially in North, South, and Suburban station areas. Similarly, areas on the Hi-Frequency Bus network also have higher accessibility. When looking at the pre-and post-LRT models of accessiblity to low-wage jobs, the postive before-after diference in IRR is visible across all station area dummys and the connection dummy. The highest before-after changes are seen with the South and Suburban dummys. IRR of the South dummy increases from 0.81 (p>0.1) to 2.29 (p<0.001) after LRT implementation, meaning that the south LRT stationa areas' accessiblity to low-wage jobs is originally similar to that of regular bus service area in the before period but the areas' accessiblity becomes 129% higher than regular service area in the after period. To summarize, LRT-associated accessibity benefits for low-wage workers are highest in south and suburban LRT station areas, followed by downtown and north station areas as well as bus-LRT connection areas.
Model results can also be compared arcoss wage categories. Low-wage models produce a higher post-LRT IRR for Downtown (1.86) than the downtown IRRs produced by the post-LRT high-wage model (1.64). This suggestes that, after controlling for bus service frequency and area socio-demographics, downtown LRT station areas' access to low-wage jobs is 86% than regular bus service area, and the areas' access to high-wage jobs is only 64% higher than regular service area. In other words, low-wage workers who live in downtown LRT stations areas relatively benefited more from the LRT implementation than than the areas' high-wage workers. However, comparison across other station area dummys and the connection area dummy show that lowwage workers in other LRT station areas relatively benefited less from the LRT implementation than high-wage workers in those areas.
Overall, the trend for the dummy variables dealing with light rail is one of improved accessibility after the introduction of light rail: station area dummies which are significant before implementation always produce higher IRR's after, while the station areas which are not significant before LRT all become significant after, and produce high IRR's showing significant accessibility benefits compared with the study area as a whole. It is particular important to note the consistency and strength of this trend for Connection. The behavior of this variable not only is a indictation of the Hiawatha LRT's success but also underscores the importance of good bus-LRT connections in broadending the impact scope of LRT lines. In other words, we should not attribute the positive and significant accessibility increase observed in the connection areas to the Hiawatha LRT, but the good integration of the Hiawatha LRT with the existing transit system in the Twin Cities.
Note that the limits of one connection and ≤0.25mi (400m) walking used in the accessibility calculations likely understate the actual importance of light rail connections for routes which connect outside downtown. Since the employment centers at either end of the light rail line are both considerably larger than the walking distance assumption, many commutes to these areas would either require more than a 0.25mi (400m) walk, or an additional, short bus ride at the destination end. Given our maximum-one-transfer assumption, such trips would not be captured by the analysis.
The three demographic variables describing racial/ethnic minorities invariably show positive relationships between minority percentages of block populations and employment accessibility by transit. While African-Americans, Latinos and Asians show different changes in their ability to access jobs by transit compared with other races/ethnicities-African American IRR's either decline slightly or show no change, Latino IRR's show either slight (for low-wage jobs) or significant (for high-wage and all jobs) declines, while Asian IRR's all increase slightly-the high, postive IRR values for the racial variables before and after the LRT implementation (ranging from 1.4 to 7.6), show that members of these important minority groups consistently enjoy high relative transit accessibility both before and after light rail. Finally, the variable for percentage of households without a motor vehicle always, as one might expect, shows a strongly positive relationship with transit accessibility before and after light rail as well.
Marginal Effects
In addition to IRR's, the marginal effects of the models were estimated at various values of transit stop distance, and graphs of the predicted behavior of the accessibility variables with respect to distance from transit stops were produced inFigure 5. Predicted values are shown at various values of the Nearest transit stop distance variable, with the value of the connection dummy variable set to 1, the values of all other dummy variables set to 0, and all other independent variables held at their mean values. This means that the graphs in Figure 5 illustrate predicted before and after accessibility values in areas with direct bus-LRT connection.
FIGURE 5 Marginal Effects.
All three income groups show increases in predicted accessibility after light rail (see Fig.  5a .) As one would expect, accessibility is predicted to be highest at a distance of zero from the nearest stop, declining out to the 0.25mi (400m) limit of the service area definition. However, differences in starting-point values and total numbers of jobs available make direct comparisons difficult. Figure 5b shows the relative changes in accessibility for the three wage categories studied. While accessibility to high-wage jobs shows the greatest gain in accessibility, percentage-wise, accessibility to low-wage jobs shows gains more similar to those observed for accessibility to all jobs, meaning that a low-income job seeker living in bus-LRT connection areas can be expected to have gained a similar amount of transit accessibility to the average job seeker living in those areas.
It is also interesting to note that relative gains in accessibility actually increase with distance to the nearest transit stop. Though, in part, this pattern simply underscores the lower starting-point accessibility values predicted for blocks farther from stops, it also reinforces the regional scale of the accessibility gains found. Rather than taking the form of extremely localized gains that disappear with distance from stops, increases in accessibility extend to the maximum walking distance considered, shifting the entire absolute-prediction line up the graph without significantly changing its slope.
The disparity between predicted accessibility to low-and high-wage jobs indicates the Twin Cities' transit network is better at serving high wage than low wage jobs, and that the changes have reinforced that disparity. However, it is clear that accessibility by transit to lowwage jobs did improve significantly between the two observations of the study. Overall, the marginal effects paint a picture of benefits for all, including low-wage workers.
CONCLUSIONS AND DISSCUSSION
Overall, the Hiawatha light rail line has benefitted transit dependent and low-wage workers, though not as much as high-wage workers, whose jobs tend to be more concentrated in downtown. Careful consideration of both what the Hiawatha line does well for low-wage workers and what it could possibly do better should inform both the planning of future transit corridors and ongoing planning for areas and connecting transit services surrounding Hiawatha stations. A summary of key findings of this study, and discussion of their policy implications follows:
Spatial mismatch exists in the Twin Cities-As can be seen in Figure 2 , major concentrations of low-wage workers and low-wage jobs often do not match up. In addition, both are scattered throughout the metropolitan area. Both of these observations-combined with both relatively high rates of transit dependency among low-wage workers and the large cost-of-living savings that can be realized by low-wage workers by depending on transit-underscore the importance of transit service as a provider of economic opportunity for low-wage workers.
The Hiawatha light rail line, being well-connected with the rest of the transit system in the Twin Cities, has significantly improved accessibility to both low-wage and high-wage jobs-Both the map analysis and regression analysis conducted in this study show significant, positive changes in low-and high-wage employment accessibility by transit after the introduction of light rail transit. By offering frequent, rapid, all-day services, premium transit services such as light rail and bus rapid transit hold special significance for low-wage workers and the transit dependent, as they are much more likely than others to use transit at off-peak times. In planning future transit development in the Twin Cities region, it will be important to keep in mind that high quality transit service (both bus and rail) can be a powerful tool for improving the lives of the poor.
Good connections are essential in broadening the impact scope of transit implementations-One of the most interesting findings of the study are the large areas of accessibility gains found along bus routes that connect with light rail in addition to areas with hifrequency bus service and along the LRT. They suggest enormous importance of a fully integrated transit network (as opposed to a single transit corridor) in realizing the maximum benefits from major transit investiments. The effective and efficient planning of feeder/distributor services will be critical to ensuring low-wage workers reap the greatest benefits possible from existing and future transit services. Accessibility should be an important performance measure for assessing transit investments.
